Abstract Spike-timing-dependent synaptic plasticity (STDP) is a simple and effective learning rule for sequence learning. However, synapses being subject to STDP rules are readily influenced in noisy circumstances because synaptic conductances are modified by pre-and postsynaptic spikes elicited within a few tens of milliseconds, regardless of whether those spikes convey information or not. Noisy firing existing everywhere in the brain may induce irrelevant enhancement of synaptic connections through STDP rules and would result in uncertain memory encoding and obscure memory patterns. We will here show that the LTD windows of the STDP rules enable robust sequence learning amid background noise in cooperation with a large signal transmission delay between neurons and a theta rhythm, using a network model of the entorhinal cortex layer II with entorhinal-hippocampal loop connections. The important element of the present model for robust sequence learning amid background noise is the symmetric STDP rule having LTD windows on both sides of the LTP window, in addition to the loop connections having a large signal transmission delay and the theta rhythm pacing activities of stellate cells. Above all, the LTD window in the range of positive spike-timing is important to prevent influences of noise with the progress of sequence learning.
Introduction
Synapses in the hippocampus and the entorhinal cortex have properties of spike-timing-dependent synaptic plasticity (STDP). Bidirectional STDP curves, which have LTP and LTD windows, have been found in synapses in cultures of dissociated embryonic rat hippocampal neurons (Bi and Poo 1998) , in the distal dendrites of granule cells in the dentate gyrus (Lin et al. 2006) , and in the entorhinal cortex layer III (Zhou et al. 2005) . When presynaptic spikes precede postsynaptic spikes within a narrow temporal window, the synaptic conductance is enhanced. However, when presynaptic spikes follow the postsynaptic spikes within a temporal window, the synaptic conductance is suppressed. No change occurs in the synaptic conductance outside the LTP and LTD windows. In addition to the above temporally asymmetric STDP rules, temporally symmetric STDP rules, which have LTD windows on both sides of the central LTP window, have been found in Schaffer collateral synapses in proximal dendrites of hippocampal CA1 pyramidal cells (Nishiyama et al. 2000; Tsukada et al. 2005) .
STDP found in the hippocampus and the entorhinal cortex attracts great interest in terms of sequence learning of places. It has been demonstrated that place information is encoded in the phase of a theta rhythm rather than the firing rate (O'Keefe and Recce 1993) . The firing phase with respect to the theta rhythm advances within a theta cycle when the animal traverses a place field (O' Keefe and Recce 1993; Skaggs and McNaughton 1996) . It has, therefore, been supposed that STDP is a suitable learning rule for sequence learning, because synapses are potentiated by causal pre-and postsynaptic spike pairing. For example, in a model of navigational map formation, synapses between hippocampal place cells being subject to an asymmetric STDP rule are modified during random exploration, and then place cell activity indicates the direction from any location to a fixed destination (Gerstner and Abbott 1997) . Spatial tasks with multiple destinations have also been considered in terms of navigational map formation (Wagatsuma and Yamaguchi 2007) .
A biophysical model of the entorhinal cortex layer II (ECII) with entorhinal-hippocampal (EC-HC) loop connections whose synapses are subject to a symmetric STDP rule has been proposed (Igarashi et al. 2007 ). In this model, the theta rhythm is generated in the ECII by synchronizing subthreshold membrane potential oscillations of stellate cells, and afferent signals with different frequencies are encoded in firing phases of the stellate cells within each theta cycle. Such a phase-coded sequence of firing is stored as a string of enhanced EC-HC loop connections through the symmetric STDP rule. The entorhinal-hippocampal model has two major characteristics, besides the symmetric STDP rule. One is the large signal transmission delay of the EC-HC loop, which enables the system to select pairs of stellate cells spiking 20 ms apart from each other. Loop connection synapses between those stellate cells are enhanced by the LTP window of the symmetric STDP rule. However, the role of the LTD windows of the STDP rule has not been well understood. The other one is the low-rate random firing of the stellate cells driven by random EPSPs; the random firing synchronizes subthreshold membrane potential oscillations of the stellate cells due to consequent recurrent inhibition. This results in generating a theta rhythm, which paces activities of the stellate cells. Although noisy firing is not considered explicitly in most models of sequence learning, the random EPSPs eliciting spikes on occasion are essential to generating a theta rhythm in the above ECII network model.
It has been reported that synaptic conductances converge in a bimodal distribution, when Poisson random pulses are applied to a single neuron through many synapses that are subject to an asymmetric STDP rule (Song et al. 2000) . Synaptic conductances of recurrent connections that are subject to an asymmetric STDP rule also converge in a bimodal distribution when the recurrent network causes a complex spatio-temporal activity (Yoshida and Hayashi 2004) . Although the steady distribution of synaptic conductances not only results from balancing synaptic strength through STDP but also keep the network activity more sensitive to presynaptic spike-timing, such redistribution of synaptic conductances due to noise would result in uncertain memory encoding and obscure memory patterns. Noisy firing exists everywhere in the brain. It seems that the brain processes information amid background noise. The sequence learning in the hippocampus and the entorhinal cortex should be required to be robust in noisy circumstances.
We will show in this paper that LTD windows of the STDP learning rule and the large signal transmission delay of the EC-HC loop enable robust sequence learning amid background noise in cooperation with the theta rhythm, using an ECII network model with EC-HC loop connections. Above all, the LTD window in the range of positive spike-timing is important to prevent influences of noise with the progress of sequence learning.
Network model of the entorhinal cortex layer II with entorhinal-hippocampal loop connections
The ECII network model is exactly the same as the model previously proposed by the authors (Igarashi et al. 2007 ). The ECII model consists of 30 stellate cells and one inhibitory interneuron (Fig. 1a) . Although excitatory recurrent connections do not exist within the ECII network model, the stellate cells are recurrently inhibited through the interneuron. The ECII receiving signals from the neocortex sends signals to the hippocampus, and the hippocampus sends signals back to the entorhinal cortex layer V sending signals to the neocortex. Neurons in the entorhinal cortex layer V also send axon collaterals to the ECII. Therefore, the entorhinal-hippocampal system forms loop circuitry whose signal transmission delay is about 20 ms, and simply causes reverberation activity (Buzsáki 1989) . In the ECII model, the EC-HC loop circuitry was mimicked by simple delay lines whose signal transmission delays were 20 ms. In other words, the stellate cells were connected excitatory by the delay lines in all-to-all fashion.
Although the STDP learning rule of the loop connection synapses has not been elucidated, it is assumed in the present paper that the synapses are subject to a temporally symmetric STDP rule or one of the two types of temporally asymmetric STDP rules. The symmetric STDP rule (hereafter called sym-STDP) is defined as follows:
where, M 1 = 1.22, M 2 = 1.20, r 1 = 8, and r 2 = 13. The ratio of the integral of the LTD window in the range of negative spike-timing to the integral of the central LTP window, LTD left /LTP, is 0.48, i.e. (LTD left ? LTD right )/ LTP = 0.97 (Fig. 2a left) . One of the asymmetric STDP rules (hereafter called asym-STDP-I) has the integral of the LTD window that is smaller than that of the LTP window ( Fig. 2a center, LTD/LTP = 0.48). The other asymmetric STDP rule (hereafter called asym-STDP-II) has the LTD window whose integral is slightly larger than that of the LTP window (Fig. 2a right; LTD/LTP = 1.05). The asymmetric STDP curves are defined as follows:
where, M 1 = 0.024, s 1 = 12.2 ms, and s 2 = 13.6 ms. M 2 = 0.010 and 0.023 for asym-STDP-I and asym-STDP-II, respectively. Pre-and postsynaptic spike-timing Dt is defined by Eq. 9 as mentioned below. Each pair of pre-and postsynaptic spikes modifies the synaptic conductance of the loop connection C LC by the following equation:
If C LC [ C max , C LC is set equal to C max , and if C LC \ C min , C LC is set equal to C min . C max = 0.05 mS/cm 2 . C min = 0.001 mS/cm 2 . The initial value of C LC is 0.005 mS/cm 2 . The stellate cell is a multi-compartmental model obtained by modifying the stellate cell model proposed by Fransén et al. (2002 Fransén et al. ( , 2004 consisting of three compartments for the principal dendrite, one compartment for the soma, one compartment for the initial segment, and two compartments for remaining dendrites (Fig. 1b) . The equations of the present stellate cell model is as follows, Each of the 30 stellate cells was always stimulated by a random pulse train. The random pulse trains were generated using different initial conditions (interpulse interval = Gaussian distribution, mean interpulse interval = 1 s, standard deviation = 250 ms). Initial synaptic conductances of all the loop connections were 0.005 mS/cm 2 . The synaptic conductance of the loop connection from the stellate cell 1 to the stellate cell 2 was enhanced when the frequency of the regular pulse train fed to the cell 2 was around 25 Hz, regardless of the types of STDP rule. Brown: sym-STDP, dark-blue: asym-STDP-I, and dark-yellow: asym-STDP-II. Bars indicate standard deviations. Simulation was repeated ten times using one of the STDP rules and different initial conditions Cogn Neurodyn (2009) 3:119-130 121
C dV 7 =dt ¼ c 4;7 ðV 4 À V 7 Þ À I ionic;7 ðfor initial segmentÞ; 
where c k-1,k is the conductance connecting compartments, k -1 and k. V k is the membrane potential of the compartment k. The subscripts of the maximum conductances g Na,k etc., and the equilibrium potentials V Na etc., in Eq. 5 denote as follows: Na, the sodium current; K(DR), the delayed potassium current; Ca, the high-threshold calcium current; K(AHP), the calcium-dependent potassium current; K(C), the fast calcium-and voltage-dependent potassium current; KL, the potassium leak current; L, the leak current excluding the potassium leak current; NaP, the persistent sodium current; Hf, the fast hyperpolarizationactivated inward current; and Hs, the slow hyperpolarization-activated inward current. The NaP, Hf, and Hs currents generate subthreshold membrane potential oscillations. The synaptic current I syn contains excitatory synaptic currents, I IS , I LC , I AF , and I RAND , which are injected to the proximal compartment of the remaining dendrites, and inhibitory synaptic currents, I SI_A and I SI_B , which are injected to the soma compartment. The subscripts, IS, LC, AF, and RAND, denote the connection from a stellate cell to the inhibitory interneuron, the loop connection from a stellate cell to another stellate cell, the afferent synaptic connection of a stellate cell for receiving a regular pulse train, and another afferent synaptic connection of a stellate cell for receiving a random pulse train, respectively. In this model, regular pulse trains were used as sensory signals from the postrhinal cortex to the ECII. The subscripts, SI_A and SI_B denote inhibitory connections from the interneuron to stellate cells mediated by GABA A and GABA B , respectively. The ion-gating variable z k in Eq. 6 stands for
The gating variable y is constant because its time constant is very large (about 6 s). I Ca,k in Eqs. 7 and 8 is the calcium current, i.e., the third term on the right-hand side of Eq. 5. v K(C),k and v K(AHP),k are the intracellular calcium concentrations that act on K(C) and K(AHP) channels, respectively. Since muscarinic ion channels have large time constants, a constant current I in (= 6.9 lA/cm 2 ) is included in the stellate cell model instead of the muscarinic channel current. The inhibitory interneuron is also a multicompartmental model, which is exactly the same as the model proposed by Fransén et al. (2002) , consisting of three compartments for the principal dendrite, one compartment for the soma, and two compartments for remaining dendrites. See articles (Igarashi et al. 2007; Fransén et al. 2002 Fransén et al. , 2004 for parameter values and other details of the neuron models.
In the present ECII network model, a random pulse train (interpulse interval = Gaussian distribution; mean interspike interval = 1 s; standard deviation = 250 ms) was applied to each stellate cell. Consequent firing of some stellate cells (about 0.7 Hz) activated the inhibitory interneuron, and then simultaneous inhibition of the stellate cells resulted in synchronization of the subthreshold membrane potential oscillations. This is because the simultaneous hyperpolarization of the stellate cells due to IPSPs resets the subthreshold membrane potential oscillations to an initial phase. See article (Igarashi et al. 2007) for the details.
The forth order Runge-Kutta algorithm was used to integrate the equations. The step size was 0.005 ms. The membrane potential and gating variables were initialized in each simulation. Initial conditions were random; random numbers between 0 and 1 generated by a computer were converted linearly to the membrane potential between -60 and -50 mV and the gating variables between 0.5 and 0.6.
Brief review of the sequence learning in the network model of the entorhinal cortex layer II with the entorhinal-hippocampal loop circuitry
We will here briefly review the sequence learning in the ECII network model with EC-HC loop connections previously proposed by the authors (Igarashi et al. 2007 ). Synapses of the loop connections were subject to the symmetric STDP rule in the previous model (Eq. 1).
Regular pulse trains (5-40 Hz) were used as afferent sensory signals to stellate cells in the ECII. When a stellate cell was stimulated by a regular pulse train, integrated EPSPs depolarized the stellate cell toward the spike threshold. After firing of the stellate cell, after-hyperpolarization and recurrent inhibition suppressed EPSPs and reset the stellate cell to a hyperpolarized membrane potential. The next depolarization by EPSPs thus began at the trough of the subthreshold membrane potential oscillation. The firing phase of the stellate cell within one cycle of the theta rhythm (synchronized subthreshold oscillation) depended on the instantaneous frequency (inverse of the interpulse interval) of the regular pulse train, because EPSPs evoked by a high-frequency regular pulse train were integrated fast and the stellate cell fired a spike at an early phase of the theta rhythm. The firing phase consequently advanced within one cycle of the theta rhythm with increase in the frequency of the regular pulse train.
When regular pulse trains whose frequencies were f 1 and f 2 (f 1 [ f 2 ) were applied to the stellate cells, 1 and 2, respectively, the spike of the stellate cell 1 preceded the spike of the stellate cell 2 within a theta cycle. The difference between the spike times of the stellate cells depended on the difference between the frequencies of the regular pulse trains. The firing of the two stellate cells repeated almost every theta cycle because the firing of each stellate cell was paced by the theta rhythm. When the presynaptic stellate cell stimulated by a regular pulse train fired about 20 ms before firing of the postsynaptic stellate cell stimulated by another regular pulse train, the loop connection between the cells was selectively enhanced. This is because the signal transmission delay of the loop connection was 20 ms and led to coincidence of the spikes at the synapse on the postsynaptic cell. The loop connection was actually enhanced in a range of f 2 around 30 Hz, when f 1 was 40 Hz, as shown in (Fig. 2b brown line) .
The spike-timing Dt i,j between synaptic activation by the presynaptic cell i and firing of the postsynaptic cell j is defined as follows, It would be plausible to assume that the frequency of the sensory signal conveying information about the place ahead of the animal decreases with increase in the distance between the animal and the place. In the previous paper, regular pulse trains whose frequencies were 40, 30, 20, 10 Hz were simultaneously fed to four stellate cells, 1-4, respectively. The loop connection cell 1 ? cell 2 was enhanced and other connections, cell 1 ? cells, 3 and 4, were not (see Fig. 2b, brown line) . Therefore, when five groups composed of four stellate cells, 1-4, 2-5, 3-6, 4-7, and 5-8, were stimulated in turn by the above four regular pulse trains on the assumption that the animal traversed a sequence of place fields, loop connections, cell 1 ? cell 2, cell 2 ? cell 3, cell 3 ? cell 4, cell 4 ? cell 5 and cell 5 ? cell 6, were selectively augmented. Consequently, the sequence of places was stored in the loop connection matrix as a string of enhanced loop connections. Each stellate cell was always stimulated by a random pulse train.
Dependence of the range of the frequency f 2 , which enhances loop connections, on three types of STDP rule
In our previous paper (Igarashi et al. 2007 ), a symmetric STDP rule was used for modifying synaptic conductances of loop connections. However, asymmetric STDP rules in the hippocampus and the entorhinal cortex have also been well documented as mentioned above. In this section, we test how the shape of the STDP rule affects the selectivity, i.e., the range of f 2 . A random pulse train was applied to each of the stellate cells in the ECII network model in order to synchronize subthreshold membrane potential oscillations of the stellate cells and generate a theta rhythm.
Regular pulse trains whose frequencies were f 1 and f 2 (f 1 = 40 Hz, f 2 \ 40 Hz) were simultaneously applied to the stellate cells, 1 and 2, for 30 s, respectively. The largest enhancement of the synaptic conductance of the loop connection from the cell 1 to the cell 2 was induced in a range of f 2 regardless of the types of STDP rule (Fig. 2b) . However, the optimum frequencies f 2 at which the loop connection was maximally enhanced by asym-STDP-I (dark-blue line) and asym-STDP-II (dark-yellow line) were lower than that by sym-STDP (brown line).
Histograms of the spike-timing Dt 1,2 shown in Fig. 3a -f were obtained to find the cause of the dependence of the optimum frequency f 2 on the shape of the STDP rule, because the firing phase of each stellate cell was not strictly fixed at a phase of the theta rhythm but fluctuated. The three types of STDP rule are also shown in Fig. 3g-i for comparison. The stellate cell 1 was stimulated by the 40 Hz regular pulse train. The frequency of the regular pulse train fed to the stellate cell 2 is indicated on the right side of each panel. Synaptic conductances of the loop connections were not permitted to change but fixed at 0.005 mS/cm 2 . Initial transient of the time series for 10 s was discarded to obtain a steady distribution. The average of the distributed spike-timings shifted from negative to positive, and the number of spike pairs reduced with decrease in the frequency of the regular pulse train fed to the stellate cell 2. This is because the integration of EPSPs evoked in the stellate cell 2 decelerates and the firing rate of the stellate cell 2 reduces with decrease in the frequency of the regular pulse train. If the spike-timings Dt 1,2 are distributed mainly within the LTP window (purple histograms), the loop connection from the cell 1 to the cell 2 is enhanced. When enhancement of the loop connections was permitted and the stellate cells, 1 and 2, were stimulated by regular pulse trains for 30 s after the initial transient, the peaks of the histograms in Fig. 3b-d (purple histograms) slightly shifted to the right. However, the properties of the histograms were hardly changed as a whole.
The LTP window of sym-STDP exists around zero of the spike-timing Dt 1,2 (Fig. 3g) , whereas the LTP windows of asym-STDP-I and asym-STDP-II exist in the range of positive spike-timing (Fig. 3h, i) . Therefore, the frequency f 2 making the spike-timing Dt 1,2 fall into the LTP windows of asym-STDP-I and asym-STDP-II is lower than that making the spike-timing Dt 1,2 fall into the LTP window of sym-STDP. In fact, when f 2 was about 22.5 Hz, the loop connection was maximally enhanced by asym-STDP-I and asym-STDP-II (Fig. 2b, dark-blue and dark-yellow lines) , and when 30 Hz, the loop connection was maximally enhanced by sym-STDP (Fig. 2b, brown line) .
The dependence of the synaptic conductance enhancement on the frequency f 2 is rather broader in the case of asym-STDP-I (Fig. 2b, dark-blue line) than that in the other cases (Fig. 2b, brown and dark-yellow lines) . This broadening results from the shape of the asym-STDP-I. The integral of the LTP window is larger than that of the LTD window, and the LTP window has a long tail along the axis of the spike-timing. Therefore, the loop connection from the cell 1 to the cell 2 was enhanced considerably even if the frequency f 2 was lower than 20 Hz (Fig. 2b , dark-blue line). The situation was similar for asym-STDP-II (Fig. 2b, dark-yellow line) . However, the magnified LTD window of asym-STDP-II prevented enhancement of the loop connection in the f 2 range above 25 Hz. On the other hand, since sym-STDP has a LTD window in the range of positive spike-timing (Fig. 3g) , enhancement of the loop connection is prevented when the frequency f 2 is lower than 20 Hz. These results suggest that the loop connection is selectively enhanced in a range of the frequency f 2 regardless of three types of STDP rule, although the selectivity was affected by the shape of the STDP rule.
Suppression of irrelevant enhancement of loop connections induced by background noise
As far as we saw only the loop connection from the stellate cell 1 to the stellate cell 2, the loop connection was enhanced regardless of the types of STDP rule, when the frequencies of the regular pulse trains were appropriately different. Entire loop connections of the present ECII network model are shown as connection matrices in Fig. 4 . Loop connection synapses were subject to the sym-STDP, asym-STDP-I, and asym-STDP-II in Fig. 4a-c , respectively. Abscissa and ordinate of each matrix represent serial numbers of pre-and postsynaptic stellate cells, respectively. The stellate cells, 1 and 2, were here stimulated for 280 s by a pair of regular pulse trains that induced the largest enhancement of the loop connection from the cell 1 to the cell 2. The longer-period of stimulation was used to emphasize slower changes in the strength of the other loop The spike-timings Dt 1,2 , which are distributed mainly within the LTP window like purple histograms, imply that the loop connection from the cell 1 to the cell 2 is enhanced. Ordinate represents the number of spike pairs for 90 s. Initial transient of the time series for 10 s was discarded to obtain a steady distribution. See Eq. 9 for the definition of the spike-timing Dt 1,2 . The distribution of the spike-timings shifts to the right with increase in the difference between the frequencies of the regular pulse trains. Each of the 30 stellate cells was always stimulated by a random pulse train in the same way in Fig. 2 . STDP learning rules are indicated in the bottom three panels for comparison: (g) sym-STDP, (h) asym-STDP-I, and (i) asym-STDP-II connections between 30 stellate cells. Each of the stellate cells was stimulated by a random pulse train whose properties were the same as those used in Figs. 2 and 3 . Red, white, and blue squares in the connection matrices represent enhanced synapses, synapses that maintain the initial synaptic conductances, and depressed synapses, respectively.
The sym-STDP being used, the loop connection from the cell 1 to the cell 2 was enhanced, and the other loop connections were not (Fig. 4a) . In contrast, the asym-STDP-I or asym-STDP-II being used, loop connections between cells stimulated by regular pulse trains and other cells stimulated only by random pulse trains were enhanced in addition to the loop connection from the cell 1 to the cell 2 (Fig. 4b, c) . Almost all the loop connections between cells stimulated only by random pulse trains were not enhanced but rather depressed regardless of three types of STDP rule. These results suggest that irrelevant enhancement of loop connections is induced by a background noise if synapses of the loop connections are subject to an asymmetric STDP rule.
In order to find the cause of the irrelevant enhancement, histograms of the spike-timing Dt 1,m (m = 2, 3, -, 30) were obtained. Dt 1,12 is depicted in Fig. 5A ; the cell 12 is representative of the cells m. The cell 1 was stimulated by a regular pulse train except in Fig. 5A (a) . All of the cells were stimulated by random pulse trains, including the cell 1. Each synaptic conductance of the loop connections was fixed at 0.005 mS/cm 2 .
In Fig. 5A (a) , each of the stellate cells stimulated only by a random pulse train fired spikes at about 0.7 Hz. As those spikes caused recurrent inhibition and synchronized subthreshold membrane potential oscillations of the stellate cells, firing of the stellate cells due to random pulse trains was consequently paced by the synchronized subthreshold oscillation. The spikes were, therefore, clustered together around the apex or a later phase within each theta cycle. The spike-timings between the stellate cells, 1 and m, were distributed around -20 ms because of the signal transmission delay of 20 ms by the EC-HC loop connections. Consequently, the spike-timings were distributed mainly within the LTD window in the range of negative spiketiming. Loop connections between the stellate cells stimulated only by random pulse trains were not enhanced but rather depressed, regardless of the types of STDP rule. This suggests that synapses that are subject to a STDP rule having a LTD window in the range of negative spiketiming are hardly affected by background noise if recurrent connections have large signal transmission delays and firing of the cells is paced by a rhythmic activity.
The stellate cell 1 was stimulated by a regular pulse train in addition to a random pulse train and the other stellate cells, including the stellate cell 12, were independently stimulated only by random pulse trains in Fig. 5A (b-g) . When the frequency of the regular pulse train was higher than 22.5 Hz, most of the spike-timings Dt 1,m surpassed the transmission delay of the loop connection, and were distributed mainly in the range of positive spike-timing . The frequency of the regular pulse train fed to the stellate cell 1 was always 40 Hz. The regular pulse train whose frequency was optimum for enhancement of the loop connection from the stellate cell 1 to the stellate cell 2 was fed to the stellate cell 2: a 30 Hz, b 22.5 Hz, and c 22.5 Hz. The stellate cells, 1 and 2, were stimulated by those regular pulse trains for 280 s in each panel. Each of the 30 stellate cells was always stimulated by a random pulse train in the same way in Fig. 2 . When the sym-STDP was used, the loop connection from the stellate cell 1 to the stellate cell 2 was enhanced and the other loop connections were not. In contrast, when the asym-STDP-I or asym-STDP-II was used, loop connections between a cell stimulated by a regular pulse train and other cells stimulated only by random pulse trains were enhanced irrelevantly, besides the loop connection from the cell 1 to the cell 2 Cogn Neurodyn (2009) 3:119-130 125 ( Fig. 5A , light-blue histograms). Sym-STDP being used, the spike-timings were distributed mainly within the LTD window, so that the loop connection from the cell 1 to the cell m was not enhanced but rather depressed. However, asym-STDP-I or asym-STDP-II being used, most of the spike-timings Dt 1,m were distributed mainly in the range of positive spike-timing where no LTD window existed but a LTP window, so that the loop connection from the cell 1 to the cell m was enhanced. These results suggest that synapses being subject to a symmetric STDP rule, which has a LTD window in the range of positive spike-timing, are hardly influenced by a background noise if the frequency of the sensory signal is sufficiently high and firing of neurons is paced by a theta rhythm.
There is a small fraction of spike-timings Dt 1,12 around -70 ms [ Fig. 5A (b-d) ]. This fraction resulted from occasional, irregular firing of the cell 1 (Fig. 5B, arrowheads) . The irregular firing would occur in the real brain, and would be one of the causes of noise generation.
As the loop connections from the cell 1 to the cells, 2-30, were enhanced through the learning rules of asym-STDP-I and asym-STDP-II as mentioned above, some of the cells, 2-30, became fired almost in synchrony 20 ms after a spike of the cell 1. Then, those cells sent spikes back almost in synchrony to the cell 1 through loop connections. asym-STDP-I, and (j) asym-STDP-II. When the frequency of the regular pulse train was higher than 22.5 Hz, spike-timings Dt 1,12 were distributed mainly within the LTD window of sym-STDP in the range of positive spike-timing (light-blue histograms). When the frequency of the regular pulse train was lower than 20 Hz, spike-timings Dt 1,12 were distributed around zero (purple histograms). B Example of irregular firing. Time series of the membrane potentials of 30 stellate cells are superimposed. Each of the stellate cells was stimulated by a random pulse train. Red line: the firing pattern of the stellate cell 1, which was stimulated by a 40 Hz regular pulse train besides the random pulses. Blue lines: firing patterns of the stellate cells, 2-30, stimulated only by the random pulse trains. Although the stellate cell 1 fired almost every theta cycle, the cell fired irregularly on occasion as indicated by the arrowheads. Note that the irregular spikes of the cell 1 follow nearby spikes of the other cells timing Dt 1,m between the irregular spike of the cell 1 and the spike of the cell m is around -70 ms. Therefore, the backward loop connections from the cells, 2-30, to the cell 1 were gradually enhanced through the asymmetric STDP rules. Consequent enhancement of these forward and backward loop connections may produce a convulsive activity like epilepsy.
When the loop connection synapses were subject to the sym-STDP rule, the forward loop connections from the cell 1 to the other cells including the cell 12 were not enhanced enough to fire the cells, 2-30, by virtue of the LTD window in the range of positive spike-timing. Consequently, the backward loop connections were not enhanced either. This suggests that a symmetric STDP rule that has a LTD window in the range of positive spike-timing can prevent the influence of the irregular firing of the stellate cells stimulated by relatively high-frequency regular pulse trains.
When the frequency of the regular pulse train was lower than 20 Hz, the spike-timings Dt 1,m became smaller and were distributed around zero (Fig. 5A, purple histograms) . It is possible that loop connections from a stellate cell stimulated by a relatively low-frequency regular pulse train to stellate cells stimulated by random pulse trains are enhanced regardless of the three types of STDP rule, because the distribution of Dt 1,m overlaps with the LTP windows. However, as the spike-timings tended to be distributed uniformly within ±40 ms, enhancement was not strongly induced in the present model.
Suppression of irrelevant plastic change in loop connections with the progress of sequence learning
The top (a), middle (b), and bottom (c) panels in Fig. 6 are connection matrices whose loop connection synapses are subject to the sym-STDP, asym-STDP-I, and asym-STDP-II, respectively. Abscissa of each matrix represents serial numbers of the presynaptic stellate cells, 1-12. The presynaptic cells, 13-30, are not shown. Ordinate of each matrix represents serial numbers of the postsynaptic cells, 1-30. Connection matrices in Fig. 6a i -c i show initial states. Initial synaptic conductance of each loop connection was 0.005 mS/cm 2 . In similar way of the previous work (Igarashi et al. 2007) , regular pulse trains whose frequencies were 40, 25, 15, and 5 Hz were applied to four stellate cells, 1-4, respectively for the first period of 40 s (Fig. 6ii) , and then those regular pulse trains were applied to the stellate cells, 2-5, for the second period of 40 s (Fig. 6iii) . After that, other five groups composed of four stellate cells, 3-6, 4-7, 5-8, 6-9, and 7-10 , were stimulated in turn by the above four regular pulse trains every period of 40 s (Fig. 6 ivviii) . Each of the 30 stellate cells was stimulated by a random pulse train (average frequency = 1 Hz) for the whole seven periods.
When sym-STDP was used, loop connections, cell 1 ? cell 2, cell 2 ? cell 3, cell 3 ? cell 4, cell 4 ? cell 5, cell 5 ? cell 6, cell 6 ? cell 7, and cell 7 ? cell 8, were enhanced in turn every period of 40 s, as shown in the connection matrices in Fig. 6a ii -a viii (red squares along the diagonal line). Slight enhancement of irrelevant loop connections from each cell stimulated by a regular pulse train to other cells stimulated only by random pulse trains was also induced. For example, in Fig. 6a iii , the loop connections from the cell 3 to some other cells were slightly enhanced. However, this irrelevant enhancement of loop connections was gradually suppressed in the following periods of 40 s (Fig. 6a iv -a viii ) . The irrelevant, slight enhancement of other loop connections caused in Fig. 6 a iv -a vii ) also faded away in the same way. Enhancement of seven relevant loop connections was eventually maintained, and a string of loop connections emerged clearly on the connection matrix (red squares along the diagonal line).
The distribution of the spike-timings from a cell stimulated by a regular pulse train to another cell stimulated only by a random pulse train shifted to the right when the frequency of the regular pulse train increased, as mentioned above. In the above sequence learning, each stellate cell that was stimulated by a lower frequency regular pulse train was stimulated by a higher frequency regular pulse train for the next period of 40 s. Irrelevant enhancement of loop connections was consequently suppressed with the progress of sequence learning due to the LTD window in the range of positive spike-timing if sym-STDP was used. In contrast, when the asym-STDP-I and asym-STDP-II were used, the irrelevant enhancement of loop connections was not suppressed but rather enhanced with the progress of sequence learning (Fig. 6b ii -b viii , c ii -c viii ) . The asymmetric STDP rules do not have any LTD window in the range of positive spike-timing but a LTP window. The irrelevant enhancement does not fade away even when the distribution of the spike-timings shifts to the right. Loop connections from the cells to themselves were depressed regardless of the three types of STDP rule because the spike-timings were -20 ms. This can be seen as blue diagonal lines of the connection matrices.
Discussion
It has been demonstrated that the ECII network model reproduces phase precession by virtue of the 20 ms signal transmission delay of the EC-HC loop connections (Igarashi et al. 2007) . Although the loop connections enable the network to learn a sequence and encode it as successive firing within one cycle of the theta rhythm, the loop circuit is also a key element that prevents irrelevant enhancement of loop connections between stellate cells stimulated only by random pulses. This is because spikes of stellate cells caused by noise are clustered together around the apex or a later phase within a theta cycle, and spike-timings between the cells are distributed around -20 ms through the loop connections; the main portion of the distribution of the spike-timings is in the LTD window in the range of negative spike-timing. These results suggest that a large transmission delay between neurons and firing of the neurons paced by the theta rhythm may prevent irrelevant enhancement of the connections between neurons stimulated only by noises, regardless of the three types of STDP rule.
On the other hand, a spike was elicited at an early phase within a theta cycle when the stellate cell was stimulated by a high-frequency regular pulse train ([20 Hz in the present model). Consequently, spike-timings between the stellate cell stimulated by the regular pulse train and other stellate cells stimulated only by random pulse trains surpassed the large transmission delay of the EC-HC loop connections and were more positive than ?10 ms (Fig. 5A , light-blue histograms). The loop connections were, therefore, not enhanced when the STDP learning rule was temporally symmetric like sym-STDP, which had a LTD window in the range of positive spike-timing. Backward loop connections from the cells stimulated only by random pulse trains to the cell stimulated by the regular pulse train were not enhanced either. However, when loop connection synapses were subject to an asymmetric STDP rule, loop connections from the cell stimulated by the regular pulse train to the cells stimulated only by random pulse trains were irrelevantly enhanced because of no LTD window in the range of positive spike-timing. Moreover, the backward loop connections were enhanced, and consequently the ECII network caused a convulsive activity. These suggest that a LTD window in the range of positive spike-timing of the symmetric STDP rule may prevent irrelevant enhancement of loop connections between neurons In the present model, when the frequency of the regular pulse train was relatively low, the distribution of the spiketimings between the stellate cell stimulated by the regular pulse train and other stellate cells stimulated only by random pulse trains overlapped with the central LTP window of the STDP rules. This led to slight enhancement of the loop connections. However, the sym-STDP being used, this irrelevant enhancement of loop connection was erased with the progress of sequence learning, and finally a string of EC-HC loop connections corresponding to the sequence was well selected and stored in the connection matrix. This is because the spike-timing increases with the progress of sequence learning and passes the LTD window in the range of positive spike-timing. In contrast, when the synapses of loop connections were subject to an asymmetric STDP rule, irrelevant enhancement of the loop connections was rather strengthened with the progress of sequence learning, because no LTD window existed in the range of positive spike-timing but the LTP window, which had a long tail in the range of positive spike-timing. These results suggest that the LTD window in the range of positive spike-timing enables robust sequence learning amid background noise.
The ratio LTD/LTP of the asymmetric STDP rule was 1.05 or less in the present paper. When the integral of the LTD window of the asymmetric STDP rule became larger and two stellate cells were stimulated by regular pulse trains, maximally enhanced synaptic conductance between the cells was reduced. The enhancement of the loop connections from the cell stimulated by the regular pulse train to the cells stimulated by random pulse trains were also reduced. Consequently, a string of enhanced loop connections became incomplete and did not appear at LTD/LTP *2, though the irrelevant enhancement of the loop connections became less noticeable. Situation was similar in the case of the symmetric STDP.
It is possible for the brain to create functions by taking advantage of noise. In the medial entorhinal cortex, for example, subthreshold oscillations of the stellate cells may be synchronized by random firing of the cells due to background noise to generate a theta rhythm (Dickson et al. 2000; Igarashi et al. 2007) . Stochastic resonance and noiseinduced synchronization are also useful for detecting weak signals (Pei et al. 1995; Wiesenfeld and Moss 1995; Yoshida et al. 2002) . In the brain, however, noise appears to be harmful on the other hand. For example, it is possible for brain functions such as learning and memory to suffer from background noise existing everywhere in the brain. The background noise may induce irrelevant enhancement of synaptic connections through STDP rules. Synaptic weights actually converge in a simple bimodal distribution when Poisson random pulses are fed to a single neuron through many synapses that are subject to an asymmetric STDP rule (Song et al. 2000) or recurrent synapses being subject to an asymmetric STDP rule are stimulated by surrounding neurons firing randomly (Yoshida and Hayashi 2004) . Such redistribution of synaptic weights by noises implies that memory patterns embedded in the assembly of synapses fade away. The present study, however, suggests that enhancement of loop connections induced by noises is suppressed by the LTD window in the range of negative spike-timing together with a large signal transmission delay of the loop connections and a theta rhythm. It is also suggested that irrelevant enhancement of loop connections between stellate cells stimulated by sensory signals and other stellate cells stimulated by background noises is erased by the LTD window in the range of positive spiketiming with the progress of sequence learning. It seems that the brain takes advantage of noise for functions and simultaneously prevents the harmful influence of noise on learning and memory, using an appropriate STDP rule in combination with network structure such as the EC-HC loop circuitry and rhythmic activity such as a theta rhythm. These enable robust sequence learning amid background noise.
